Abstract-It is a common synchronization approach of the bistatic Synthetic Aperture Radar (BiSAR) with spaceborne/stationary configuration that obtains synchronization information from a direct signal. An easy and effective synchronization method is using the direct signal as a match filter to compress the echo for range compression. This method requires a high signal-to-noise ratio (SNR) of the direct signal, because the low SNR of the direct signal affects the synchronization result. Furthermore, it affects the imaging quality and bistatic-InSAR (BiInSAR) result seriously. Two factors affect the SNR of the direct signal: low gain and saturation. The transmitter and receiver antenna beam patterns cause the received direct signal's power variance during the exposure time. The requirement of high gain and no saturation cannot be satisfied simultaneously during the exposure time when the receiver sub-system does not have automatic gain control (AGC). In this paper, a modified synchronization approach is proposed. The proposed method not only tolerates the low gain and saturation, but also does not require the parameters of the transmitted signal, such as FM chirp rate, bandwidth and transmitted pulse length. The proposed method makes the gain design of the synchronization channel easy. The experiment results verifies the effectiveness of the proposed approach.
INTRODUCTION
With its all-weather and all-time capabilities, the Synthetic Aperture Radar (SAR) has great potentials, such as in geology, forestry, agriculture and oceanography [1] [2] [3] [4] [5] [6] . As a special mode, the bistatic SAR (BiSAR) systems have been attracting scientists' interests in the last few years, and a lot of BiSAR experiments have been carried out. BiSAR system has many advantages, including high flexibility in designing SAR missions, higher signal to noise ratio (SNR), etc. [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . As a typical BiSAR configuration, spaceborne/stationary configuration fixes the transmitter sub-system on the satellite and the receiver sub-system on the ground, as shown in Figure 1 . The ground receiver sub-system contains two types of channels. One is the synchronization channel, which directly receives chirp signal from the transmitter on the satellite, as channel A in Figure 1 . Besides triggering the echo channels, the synchronization channel is also used to obtain synchronization information. The other is echo channel, which receives the echo from the ground, as channel B n in Figure 1 .
The spatial separation of transmitter and receiver makes synchronization the greatest challenge of BiSAR operation. The synchronization error is analyzed by many researchers, and some synchronization algorithms have recently been proposed. In [11] , the frequency error between transmit carrier frequency and receiver oscillator's frequency is analyzed. The chirp ratio error and nonlinear phase error were considered in [12] . Those errors affect integrated side-lobe ratio (ISLR), reduce azimuth resolution and shift targets along the range direction [13] . Literature [14] established error transfer model from the error of the time and frequency synchronization to the error of interferometric phase. Literature [15] proposed a method using oscillator strained by Global Position System (GPS), ultra-high-quality oscillators, a direct exchange of radar pulses and an appropriate bidirectional link. But none of these strategies Figure 1 . The geometry of the Bi-static SAR configuration [10] .
can be applied directly if the receiver uses a non-cooperative source of opportunity [16, 17] . Reference target is used in [18] to achieve synchronization. A dedicated channel that receives signal directly from transmitter can also provide synchronization information [16] [17] [18] [19] . However, the above-mentioned methods have limitation in practice when the parameters of the transmitted signal are unknown, and the direct signal has serious saturation, or the gain of the direct signal (GDS) is very low. The parameters of the transmitted signal include FM chirp rate, bandwidth and transmitted pulse length. Though the parameters of the transmitted signal can be estimated from the direct signal, the estimation results are not precise enough to be used in BiInSAR processing when the saturation is very serious, or the GDS is very low. Another useful method to solve the synchronization problem is to compress the received echo by using the signal received by the synchronization receiver as a match filter. This method does not need to estimate the parameters of the chirp signal. Based on the synchronization method, a fast back-projection algorithm was proposed in [20] . However, this method required high SNR of the direct signal, which is hard to obtain for two reasons. Firstly, the pattern of the transmitter antenna and the receiver antenna caused variation of the direct signal power during the exposure time, when the receiver did not have Automatic Gain Control (AGC). Figure 2 shows magnitude's variation of the received direct signal during the exposure time. The change is significant in the mainlobe. It is hard to compromise no saturation at the center of the mainlobe and high gain at the edge of the mainlobe. Both saturation at the center of the mainlobe and low gain at the edge of the mainlobe reduce the SNR. In this paper, we define a direct signal with saturation and/or low gain as unsatisfactory direct signal. Secondly, because of attenuation of the atmosphere, the power of the direct signal cannot be computed accurately. So the lower gain at edge of the mainlobe and saturation at the center of the mainlobe cannot be avoided in practice. ) ) and the spectrum of the demodulation complex signal (Figures (c) ). The value of analog to digital converter (ADC) has 8 bit, so the maximum value of ADC is 128, and the minimum value of ADC is −127. Figure 3 shows the case of appropriate gain of the receiver. The SNR can reach 27 dB, which is high enough for a matched filter. Figure 4 shows the case with high GDS, where saturation exists, and the SNR reduces to 6 dB. Figure 5 shows the case with extremely high GDS and serious saturation. Figure 6 shows the case with low GDS. Though there is no saturation, SNR is lower than the appropriate GDS. The low GDS reduces 6 dB of SNR, which affects the SNR of the imaging result and BiInSAR results. All these experiment results verify the conclusion that the SNR of the unsatisfactory direct signal is low.
In this paper, a modified approach is proposed to solve the synchronization problem when the parameters of the chirp are unknown, and there exists an unsatisfactory direct signal. In Section 2, the synchronization method is proposed. Experiments are presented to verify the proposed method in Section 3. 2. ALGORITHM
Introduction of the Ground Receiver Sub-System
Figure 7(a) shows the block diagram of the ground receivers. The working mode of the system is as follows, as shown in Figure 7 (b). The receiver system has two states: monitor state and record state. At the monitor state, the synchronization channel and echo channel only sample the received signal without recording data. At the record state, the synchronization channel and echo channel sample and record the received signal. From the beginning, the state of the receiver is a monitor state. When the synchronization channel detects the chirp signal, the state of the receiver translates into record state. The receiver holds the record state for a fixed time, which is shorter than pulse repetition interval, then it translates into the monitor state.
(a) (b) Due to the noise and attenuation as the chirp signal passes through aerosphere, the amplitude of chirp signal changes when it arrives at the synchronization channel, which means that the first several chirp pules cannot trigger the receiver system to the record state. Because the synchronization channel and echo channels use the same trigger signal, they share the same trigger delay time. Figure 8 shows the block diagram of the proposed synchronization approach. Compared with the algorithm proposed in [20] , two steps are added: choosing the reference direct signal and constructing the match filter, shown as red parts in Figure 8 . Those steps are used to deal with unsatisfactory direct signal. The bold arrows represent data of all range lines and the unbold arrows represent data of only one range line. 
Theoretic Analysis

Synchronization
Assume that the position of satellite S, synchronization receiver A, echo receiver B n and the ground target
where η is the azimuth time.
The signal recorded by receiver A at the azimuth time η 0 and η are expressed as
where W r (τ ) is the envelope of transmitted signal pulse, W aT (η) the transmitter's antenna beam pattern in azimuth direction, W aR (η) the synchronization receiver's antenna beam pattern in azimuth direction, R D (η) the range between the satellite S and the synchronization receiver A at azimuth time η, and T r the time duration of the chirp signal. T 1 and T 2 are the trigger delays at the azimuth time η 0 and η, respectively.
In order to obtain more precise expressions, the correlation computation is used in time domain.
S (τ ) reaches the maximum value, which is
Analysis (6), the angle of of S A (τ, η) and compensating the phase of
Range Compression
Then using the reconstruction signal S A (τ, η) as a matched filter to compress the echo signal which is received by the echo receiver at azimuth time η, the echo signal of the target T (x T , y T , z T ) sampled and recorded by the echo receiver B at azimuth time η is expressed as
where σ(x T , y T , z T ) is the back scatter coefficient of the target T (x T , y T , z T ), W r (τ ) the envelope of transmitted radar pulse, W aT (x s (η) − x T ) the antenna beam pattern in azimuth direction of the transmitter, W bi (x T , y T , z T ) the antenna beam pattern of the ground echo receiver for the target
the range between the satellite S and target T (x T , y T , z T ) at Azimuth time η, and R R (x T , y T , z T ) the range between the ground echo receiver A and target T (x T , y T , z T ).
Here we assume that all the antenna beam patterns are in rectangle functions. The compressed signal is
Azimuth Compression
Then set the image grid on the ground plane (x n , y m ) and estimate the average height of the scene z ave . Assume that the intervals of the image grid along the azimuth and range directions are ρ a and ρ r .
x n = nρ a n = 1, 2, . . . , N y m = mρ r m = 1, 2, . . . , M
The azimuth focusing formulation is
where, d(n, m) is the element of the image, d r (i, index(η i ; x n , y m )) the element of the range compressed data, φ c (η i ; x n , y m ) the compensation phase, and η i the azimuth time of the i-th range line.
where, round(X) is a function of rounding the elements of X to the nearest integers, Fs the range sampling rate, and β the range over sample ratio.
EXPERIMENT
The experiment uses TerraSAR-X as the transmitter, which works in spotlight mode, and the ground receiver is fixed on the top of a hill near the scene. The system's parameters are listed in Table 1 , and the experiment scene is shown in Figure 9 . Our ground receiver has one synchronization channel and two echo channels with a vertical baseline, as shown in Figure 9 . The two echo channels are used to obtain SAR images and BiInSAR result. The effective vertical baseline of the two echo channels is 2 m. The FM chirp rate and transmitted pulse length are unknown in our experiments. Figure 9 . Experiment. Figure 10 . The amplitude of the demodulation complex direct signal. Figure 10 shows the amplitude of the demodulation complex direct signal. The saturation causes the amplitude reduction in the center of the mainlobe. Because of the variation of the direct signal power, caused by the pattern of the transmitter and receiver antenna, the low GDS, appropriate GDS and high GDS all exist during the exposure time. The sample value and spectrum with low GDS, appropriate GDS and high GDS are shown in Figure 3 to Figure 6 . Choose one of the direct signal with appropriate gain as the reference signal. Figure 11 is the imaging result. Figure 11 (a) shows the imaging result using direct signal with saturation as matched filter. Figure 11(b) shows the imaging result using the match filter which is reconstructed by the proposed method. The results show that the proposed method can resolve the synchronization problem when the direct signal is unsatisfactory, and the parameters of the chirp are unknown. Figure 12 shows the BiInSAR result. The processes of the BiInSAR include imaging, coregistration, interferogram generation, interferogram flattening, filtering, phase unwrapping and phase to height conversion [7] [8] [9] [10] . Figure 12 (a) is the interferometric phase after interferogram flattening and filtering. The filtering step uses pyramid nonlocal means filter algorithm [21] . Figure 12(b) is the correction coefficient, and Figure 12 (c) is the unwrapped phase result of the hill area of the scene. The unwrapping step uses region growing algorithm [21] . Figure 12(d) is the digital elevation model (DEM). The results show that the BiSAR imaging results obtained by the proposed synchronization method can be used in BiInSAR.
CONCLUSION
This paper proposes a modified synchronization approach to make the synchronization practicable in the situation when the direct signal is unsatisfactory, and the parameters of the transmitted signal are even unknown. Both the experiment results of imaging and BiInSAR results verified the effectiveness of the proposed approach.
